ABSTRACT 3-nitro-9-[2-(dialkylamino)ethyl)]aminoacridines (alkyl methyl or ethyl) have been used as ligands towards platinum(If). The end product is a complex in which the acridine acts as a tridentate ligand contributing the two exocyclic nitrogen atoms and one of the two peri carbons. The metallation takes place predominantly at the peri position of the unsubstituted ring. The coordinated acridine is in the imino tautomeric form although, in the free state, it occurs exclusively in the amino form (both in the solid state and in solution). The imino tautomer is considered to be the biologically active form. In the platinated species the N(10)H of the acridine can be involved in strong hydrogen bonding with a chloride ion leading to formation of an association complex, the formation constant has been found to be 1.4+103 M-. The N(10)HCI interaction can influence the tautomeric equilibrium of the acridine dye also in the uncoordinated species, however, the shift in favor of the imino tautomer is not complete.
INTRODUCTION
Acridines are interesting molecules well known for their DNA intercalating abilities and for the pharmacological properties they can develop in the presence of appropriate substituents.
In particular, nitracrine-WHO (named also ledakrin) has been used as an antineoplastic drug/1,2/, while quinacrine, a former antimalaric agent effective for the treatment of lupus erythematosus and giardiasis/3,4/, appears to be a candidate for the treatment of Creutzfeld-Jacob disease/5/. Moreover EPR and laser flash photolysis experiments have shown that photo-excited quinacrine is a producer of superoxide and hydroperoxy adducts and that quinacrine photoproducts produce singlet oxygen, rendering the molecule a candidate for photodynamic therapy/6/.
Both the above quoted acridines share the presence of a diamino alkyl chain stemming from C (9) . The presence and the position of substituents in the acridine ring system are also crucial for the biological activity of these compounds. Isomers of nitracrine-WHO, having the nitro group in ring positions other than 1, completely lose the antitumor activity. The efficacy is also related to the number of methylene spacers between the two aminic nitrogens of the aliphatic side chain (the highest activity being observed for 2 or 3 methylene spacers)/7/. All 9-aminoacridines having at least a hydrogen atom on the nitrogen bound to C (9) can exhibit an amino-imino tautomerism that has attracted particular attention in recent years. Several spectroscopic and theoretical investigations, concerned with this particular aspect of the acridine behavior, have been reported /8-10/. The position of the tautomeric equilibrium appears to be influenced by the presence and position of substituents, and also by the nature of the solvent since the two tautomers have significantly different polarity /11/.
In the case of nitro-9-(aminoalkyl)aminoacridines the 2-and 3-nitro isomers are present, both in solution and in the solid state, in the planar amino form; in contrast the l-nitro isomer is present as pure imino tautomer in the solid state and as a mixture of amino and imino forms in solvents of high polarity/11,12/.
As already anticipated the presence of the imino tautomer appears to be relevant to the biological activity of these molecules. Apart from the antitumor activity of the 1-nitro isomers, the 1-and 4-nitro isomers show hypoxia selective cytotoxicity (similarly to l-nitro species, also the 4-nitro In a previous study we investigated the kinetically controlled products in the reaction of different platinum(ll) substrates with the biologically active l-nitro-9-[(2-dialkylaminoethyl)amino]acridines (alkylmethyl or ethyl; L and L2, respectively) and the inactive 3-nitro isomers (L3 and L4; for alkyl methyl and ethyl, respectively). The kinetic products were found to be dependent upon the charge of the metal substrate and the position of the tautomeric equilibrium in the free acridine. Anionic and neutral platinum species reacted with the amino and the imino tautomers to give the endocyclic N(10) and the exocyclic C(9)Nbonded derivatives, respectively (the contemporary presence of the two forms, in the free acridine, generated a mixture of the two products). In contrast, positively charged substrates coordinate exclusively to the exocyclic aminic nitrogens and stabilize the imino form also in the case of 3-nitro acridines which exist as pure amino tautomers in the free state (used solvents: chloroform and acetone)/18/.
There is only one report concerning a 9-amino acridine in which platinum coordination through C(9)N (exocyclic nitrogen) and amino form of the ligand were proposed. The proposed stereochemistry was based on the downfield shift of two aromatic signals assigned to H(I) and H(8) protons/19/. Their data, however, are also in accord with an acridine coordinated through N(10) (endocyclic nitrogen) and the downfield shifted resonances belonging to H(4) and H(5). Being the complex neutral (cis-[Pt(C6Hs)2(CO)(9-Aminoacridine)]) the involvement of the endocyclic nitrogen is not surprising /18/, while the proposed situation (involvement of the exocyclic nitrogen and persistence of the amino form) is very unusual.
In a second study we investigated the thermodynamically controlled reaction products in the case of lnitro-9-[(2-dialkylaminoethyl)amino]acridines (L and Lz). In the end products the acridine acted as a tridentate ligand contributing the two exocyclic nitrogens and the peri carbon C(8). The ligand was in the imino form and the N(10)H showed a strong tendency to be engaged in hydrogen bonding both in the solid state and in solution/20/.
We have now extended the investigation to the thermodynamically controlled products in the reaction of platinum substrates with 3-nitro-9-[(2-dialkylaminoethyl)amino]acridines (L3 and L4) and analyzed the strength ofN(10)H bonding, interaction. The results are reported hereafter.
EXPERIMENTAL Starting Materials
The complex cis-[PtCI2(DMSO)2] was prepared according to reference 21. Dry chlorinated solvents were obtained by distillation from calcium hydride. 3-Nitro-9-[(2-dimethylaminoethyl)amino]acridine, L3, and 3-Nitro-9-[(2-diethylaminoethyl)amino]acridine, L4, were kindly supplied as dihydrochlorides by J. Konopa (Gdansk Polytechnic, Poland). The dihydrochlorides (0.2 mmol in a typical experiment) were suspended in dry dichioromethane (8 mL) and treated with the stoichiometric amount of powdered KOH (0.4 mmol). After a brief stirring the deep red solution was filtered under argon atmosphere and evaporated to dryness to afford the free acridine. The reaction has been performed, as in the case of the l-nitro isomers, using cis-[PtCI2(DMSO)] as platinum precursor. The reaction resulted in the formation of a major product, a, analogous to that obtained in the case of the corresponding reaction with 1-nitro acridines.
Therefore in l a the acridine acts as a tridentate NNC ligand contributing the two exocyclic nitrogens and the peri carbon C(8); a chloride ligand completes the metal coordination sphere. The formulation is well supported by 1H NMR data (Table 1 ). There are two sets of aromatic protons, each set containing three signals. In one set one signal is coupled with 195pt ( Figure b ) and can be assigned to H(7), the proton adjacent to the metallated carbon. The second set of three signals can be assigned to the protons of the ring bearing the nitro substituent. Both methylenes of the chelate ring show up as triplets, indicating that there is no hydrogen on the proximal nitrogen and therefore the ligand is present as imino tautomer and the signal close to 8 ppm (CDCi3) is to be assigned to the protonated endocyclic nitrogen (N(I 0)H). Moreover the ( 35 Hz) of one methylene is significantly higher than that of the other ( 10 Hz) in accord with a different trans influence of the trans ligands (a chloride and a r-carbon). The shift from the amino to the imino form also brings changes in the relative positions of some aromatic protons ( Figure 2) (10)H is ca. 1.5 ppm at lower field in the case of acetone than in the case of chlorinated solvents. Most likely acetone itself acts as a hydrogen bond acceptor which explains the deshielding observed in this solvent, as compared to chlorinated solvents, in the absence of added chloride. The interaction of N(10)H with chloride ions also causes a significant downfield shift of the peri protons H(4) and H(5) (A5 of ca. 0.6 ppm).
The interaction between N(10)H and a chloride corresponds to the formation of a true association complex for which the formation constant, Kr, can be evaluated by titration experiments. In defect of added chloride, only a fraction of the platinum complex will be associated with chloride ions; however, only one N(10)H signal is always observed indicating that the rate of exchange of chloride between different molecules of platinum substrates is fast in the NMR time scale and the observed N(10)H chemical shift is a concentration weighed average of its value in free and chloride-associated species. An example of chloride binding curve is given in Figure 3 [Bu4NCI ] (mM) The link also persists in solution, as well evidenced by spectroscopic measurements. Of the examined anions, chloride was found to be the strongest H-bond acceptor. The pyridyl protons H(3) and H(3') of dpa were also shifted downfield as a consequence of the chloride association (there is a strict similarity between protons 3 and 3' of dpa and protons 4 and 5 of the acridine system.
A similar situation is offered by the NH groups of a coordinated biimidazole (biim) in some cationic complexes of rhenium(Ill), e.g. trans-[ReX2(PPh3)(biim)]X (X CI, Br, I); also in this case tight ion pairs are formed in solution (B, in the scheme)/24/.
In a study on hallucinogenic receptor models, the interaction between the imidazolium chloride and some amphetamine analogs was investigated. The formation of a ternary complex between the phenethyl ammonium residue and the imidazolium cation, through the intermediacy of a chloride ion, was envisaged, and the formation constant, K, was calculated to be in the range 0.6 2 depending upon the type and the position of subsituents in the ring of phenethylamine/25/.
Finally, in the work by Green and Martin on complex formation between threehalomethanes and halide ions, the values of K did not exceed 2.5 in CCl4 (CHC13/CI) and 3.8 in CH3CN (CHI./Br)/26/.
In view of the quoted examples, the association between the platinum complexes with the acridines (the acridine in its imino form) and chloride ions appears to be remarkably strong. So far similar equilibrium constants have only been observed in systems consisting of an anion interacting with several NH groups of a host/27/. Therefore it is very likely that in the acridine cases, too, the binding motif is not restricted to the interaction between the halide anion and N(10)H but also the adjacent protons C(4)H and C(5)H get involved in this type of interaction. This hypothesis is supported by the relevant downfield shift experienced by these CH protons upon addition of the halide anion.
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Influence of chloride ions on the tautomeric equilibrium in the free bases
The effect of chloride ions on the tautomeric equilibrium of uncomplexed nitro-9-(aminoalkyl)aminoacridines was also investigated. In deutero acetone solution the two tautomeric forms of lnitro acridines are present in equilibrium and in rather low exchange rate with respect to the NMR time scale. The signals of the aromatic protons, particularly those of the unsubstituted ring which are significantly different for the two tautomers, are very broad, while the signal of the proton exchanging between N(10) and C(9)N was not detected; a considerable broadening also affects the resonance of the proximal methylene of the diaminic chain. Addition to these solutions of tetrabutylammonium chloride (CI-/acridine slightly above I) causes a sharpening of all signals (the proximal methylene protons give rise to a well designed triplet) and the appearance of a resonance at 12.30 ppm assignable to N(10)H CI type of proton. The molecule is, however, present almost exclusively in its imino form, which has been stabilized via chloride association to N(10)H.
In the case of 3-nitro acridines, which in acetone solution are present as pure amino tautomers, the addition of chloride ions promotes a broadening of the NMR signals, which can be reasonably interpreted as slow exchange between different forms (very seemingly amino and imino tautomers).
In conclusion, a hydrogen bond acceptor, able to interact with N(10)H, can stabilize the imino form of a free acridine. However, much more efficient in the stabilization of the imino tautomer is the coordination to a metal ion of the exocyclic proximal nitrogen. Coordination to the metal ion increases the acidity of the exocyclic nitrogen with the consequence that the proton migrates on the endocyclic nitrogen N (10) .
Finally metallation at a peri carbon atom further stabilizes the imino tautomer. In this case the transition to the imino tautomer is also favored by a bending of the acridine plane, with loss of aromaticity at the central ring, promoted by steric strain within a quasi planar five-ring system (two metal chelate rings and the three condensed rings of the acridine).
